Abstract. In this work, graphite nanobelts-based films as a promising material for applications in flexible blood pulse sensors with low power consumption are studied. A modified Langmuir Blodgett method used here for the sensor fabrication, is a reliable, simple and scalable technique allowing for controlled deposition of conducting films with desired electrical properties. The nanobelts, deposited over oxidized silicon or onto flexible polydimethylsiloxane substrates, were morphologically and electrically characterized. The response of the sensors to blood pulses measured on wrists and necks of two different persons (a male and a female) and the ways of the sensor response optimization are discussed.
Introduction
The need for flexible, skin-friendly wearable electronics has attracted much interest in the last decade, with numerous possible applications that span from simple recreational exercise monitoring to rare heart disease diagnostics and soft robotics [1] [2] [3] . Integration of sensing materials with flexible substrates and elements for signal detection and processing is highly required and involves multidisciplinary researches [1] [2] [3] [4] [5] [6] [7] [8] .
One of the most suitable materials for wearable electronics is graphene in different forms (from a single to multiple layers) which has excellent mechanical properties and high electrical conductivity [5, 8, 9] . Among different forms of graphene based materials, nanographite structures that can have lateral size up to tens of microns and thickness from a few to tens of nanometers currently attracts increasing attention [9] . Low fabrication costs, easy procedures for manipulation and transfer onto different types of substrates make this material promising for flexible electronics [10, 11] . Graphene or nanographite-based devices, using fibers [2] , layered [8] or network [12, 13] graphitic materials showed high sensitivity and reproducibility for strain, pressure and blood pulse sensing.
Pressure and shear forces detection for grasp control and strain recognition for proprioception are some of the important parameters to be measured for epidermal flexible devices [1] . The routes used for transducing the tactile senses into electrical signals are mainly based on piezoresistivity [12] [13] [14] [15] [16] [17] and piezoelectricity [18] [19] [20] phenomena. The basic requirements for commercial wearable sensors include high sensitivity, selectivity to different type of stimuli, stability, durability, low cost and weight, reduced power consumption, scalability, simplicity of fabrication and low environmental impact.
Among the e-skin applications, heartbeat and blood pulse sensors represent one of the most studied devices due to the increasing need for heart and circulatory system monitoring [16] [17] [18] [19] [20] [21] . Carbon [2] and polymeric nanofibers [4] , carbon nanotubes decorated with quantum dots [14] , polymer micropillars [4] , semiconducting oxide nanostructures [17] , graphene networks [12, 13] and ultra-thin silicon chips [16] are some of the materials and morphologies used for heartbeat sensors.
In this work, we present graphite nanobelts (GNBs) as promising material for applications in flexible blood pulse sensors with low power consumption. A modified Langmuir Blodgett method, used here for the sensor fabrication, is a reliable, simple and scalable technique allowing for controlled deposition of conducting films with desired electrical properties. The nanobelts, deposited over oxidized silicon or onto flexible polydimethylsiloxane (PDMS) substrates, were morphologically and electrically characterized. The response of the sensors to blood pulses measured on wrists and necks of two different persons (a male and a female) and the ways of the sensor response optimization are discussed.
Experimental procedure
The GNBs used are produced from natural graphite by liquid phase chemically assisted exfoliation by Nacional de Grafite Ltd, Brazil [22] . The nanobelts are characterized by an extremely high aspect ratio (length/thickness) and have the following dimensions: length in the range from 10 to 50 mm, width from 1 to 5 mm and thickness from 5 to 50 nm.
For deposition of thin films based on GNBs onto different substrates, the nanobelts were first suspended in N-Methyl-2-pyrrolidone (Sigma Aldrich) solutions using an ultrasonic bath (Unique USC-1880, 100 W, 37 kHz) and then deposited using a modified Langmuir-Blodgett (LB) method with a special trapezoidal cuvette [11, 23] . For detailed electrical characterization of GNBs based films, depositions were done over thermally oxidized Si substrates (SiO 2 thickness of ∼300 nm) with an active area of 7 Â 7 mm 2 . Electrical contacts for four point measurements using Van der Pauw geometry were fabricated on the sampleś corners using silver paste (Ted Pella) and gold wires (50 mm diameter).
For exploring electrical properties of single nanobelts, the same LB method was used for deposition of separate nanobelts from strongly diluted suspensions over thermally oxidized Si-substrates (SiO 2 ∼300 nm thick). Subsequently, 200 nm thick Ti/Au (30/170 nm) metal electrodes were fabricated by a lift-off process using electron beam lithography (eLine Plus, Raith, USA) and a custom-built sputtering system equipped with three radio-frequency (RF) guns for 2-in. diameter targets.
For fabrication of GNBs-based flexible sensors, commercial elastomeric PDMS sheets, having a thickness of 250 mm, were used (Bisco ® HT-6240, Rogers Corp.).
Before deposition of films, surface functionalization using a low-density capacitively coupled RF discharge plasma (oxygen flow of 10 sccm, gas pressure of 50 mTorr, RF power of 300 W and processing time of 10 min) was carried out to make the PDMS surface hydrophilic. The volume of suspensions used for LB film depositions (Fig. 1a) was usually in the range of a few (1-5) mL and higher density GNBs films were obtained through sequential LB depositions of GNBs layers over the same substrate. Depending on the initial concentration of the suspension, different densities of GNB films were produced, resulting in a significant variation of the film optical transparency (from semitransparent to almost opaque) and conductivity. Finally, metallic Ti (30 nm)/Au (200 nm) electrodes were deposited by sputtering at two opposite edges of the GNB films. Scanning electron microscopy (SEM, Nova 200 Nanolab, FEI) and optical microscopy (Olympus MX51) were used to characterize the nanobelt-based films. MicroRaman spectroscopy in a confocal configuration and atomic force microscopy (Raman/AFM, NT-MDT NTE-GRA Spectra, with a 473 nm laser) were also used for characterization of individual GNBs.
The resistivity measurements for both individual nanobelts and thin films were performed using aPPMS-14 system (Quantum Design, Inc.) in the temperature range from 3 to 300 K.
The experiments for blood pulse sensing were performed using samples with an area of 2.5 Â 1.5 cm 2 . Note that the method allows fabrication of larger samples (if required) by increasing the size of the LB deposition cuvette. In order to measure and characterize the response of the fabricated sensors, electrical measurements were performed, in ambient conditions, using a 2636A Keithley source-meter with the operating voltage varying from 0.1 to 5 V. For blood pulse testing (Fig. 1b) , the sensors were first fixed on a medical belt (Fig. 1c) and then onto the neck (Fig. 1d) or onto the wrist by commercial pressure measurement cuff with an air injection system and a sphygmomanometer. After fixation, the sensor was connected to the source-meter for measurements. 
Results and discussion
Raman spectroscopy and AFM measurements were performed in order to characterize the quality of individual nanobelts, as shown in Figure 2 . Typical Raman lines for graphitic materials were observed: D (∼1365 cm À1 ), G (∼1580 cm À1 ) and 2D (∼2725 cm À1 ). A low D/G line intensity ratio (I D /I G ≈ 0.07) (Fig. 2a) and small width low of G-line (FWHM ∼18 cm À1 ) indicate a low density of defects in nanobelts [24] . The AFM measurements show highly uniform and high aspect ratio nanostructures (Fig. 2b) , with their thicknesses usually being in the range of 30 ± 20 nm (Fig. 2c) . Figure 3 shows SEM images of the electrodes configuration used for electrical characterization of single graphite nanobelts.
Resistivity measurements performed on single nanobelts at different temperatures showed a semiconductorlike behavior (Fig. 4a) . This behavior is a typical behavior of r(T)-dependence for graphitic materials with micronscale lateral sizes and nano-scale thickness [25] [26] [27] . This means that, in a high-temperature regime, the sample resistance is determined by carriers scattering on phonons. With decreasing temperature, the carrier density decreases and thus, resistance increases. For temperatures lower that ∼60 K, the resistance has almost no dependence of temperature (Fig. 4a) and is basically determined by carrier scattering on structural defects in a nanobelt.
Resistivity measurements were also performed for ultrathin nanobelts films for varying temperatures, as shown in Figure 4b . These films also present semiconductor-like behavior, but the region where resistance is determined by carrier scattering on structural defects is not observed. This is due to the fact that in this case the film resistance is determined basically by the contact resistances between nanobelts. As temperature decreases, the contact resistance between nanobelts and thus the total sample resistance increase (Fig. 4b) .
Thicker GNBs films were fabricated for testing in flexible blood pulse sensors. Figure 5 presents typical optical (Fig. 5a) and SEM (Fig. 5b) images of films formed by GNBs deposited over PDMS flexible substrates by the LB technique. As can be observed, the film is quite uniform (Fig. 5a ) and its composed of randomly oriented percolated GNBs (Fig. 5b) . As the PDMS surface is rough, nanobelts do not cover completely its surface, leaving some areas uncovered and thus transparent (Fig. 5b) . Previous results obtained with this sensor configuration [23] demonstrated its high sensitivity for bending. Therefore, this sensor can be employed for cardiorespiratory signal monitoring, when attached to the skin surface subject to curvature variation during both blood circulation in arteries and breathing.
Generally, the signal shape for this type of sensors is highly complex and requires a special signal processing [21] . Figure 6 presents the normalized current detected by a sensor as function of time during blood pulse monitoring using a simple medical belt, with no pressure applied. The tests were performed with sensors fixed onto the neck and the wrist of a 36-year-old woman and onto the neck of a 28-year-old man and at least 20 peaks of pulses (heartbeat rate near 55-60 Hz) were recorded every time. As can be observed, there is a noticeable difference in signal waveshapes in Figure 6a (man vs woman pulses) whereas quite similar waveshapes were detected for wrist and neck blood pulses for the same person (woman) in Figure 6b . For improving the sensitivity and repeatability of the sensor response at low voltages, we fixed the sensor directly on the wrist using a commercial pressure measurement cuff. Using the cuff, pressures in the range from 20 to 120 Torr were applied. The electrical responses obtained are presented in Figure 7 . As can be seen, the sensitivity first increases with applied pressure likely due to better physical contact between the sensor and the skin, with the best conditions achieved for pressure values of 80-100 Torr. Further increasing of pressure results in a fast drop of sensitivity probably because of too tight sensor/skin contact that can block locally the blood pulsation in the artery. Also it can be noted that at applied pressure of 100 Torr, the best repeatability of the sensor response is observed, with the lowest values of error bars for this pressure which is recommended to achieve higher accuracy in the measurements.
Conclusions
Thin GNBs-based films were deposited over oxidized silicon or flexible PDMS substrates using a modified LB method. This method is reliable, simple and scalable, leading to controlled deposition of nanostructures individually or in a form of thin conductive films. Raman and AFM measurements indicated high quality of nanobelts while the electrical tests show their semiconductor-like behavior. The nanobelt films deposited onto flexible substrates were tested as blood pulse sensors. The tests were performed onto wrist and neck of two different persons (a male and a female) and the preliminary results show high sensitivity of films for monitoring of blood pulse. Further optimization of the sensor sensitivity to blood pulses and respiration is currently in progress.
